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Abstract 
Wind tunnels are often used when investigating the aerodynamic characteristics of sports balls, and have proven to be effective 
experimental equipment. However, wind tunnel experiments are fundamentally targeted at testing fixed steady states, so in some 
cases ball ejection units capable of unsteady states are needed. This research undertook the design and development of an impact 
type ball ejection unit with stable initial parameters and striking characteristics that make variable-state testing of sports balls 
possible. The kick arm swings due to an actuator activated by air-pressure, impacting a fixed ball. The swing action itself has 1 
degree of freedom; however, there are 3 degrees of freedom for the alignment of the striker. The soccer ball may achieve a 
maximum velocity of 131 km/h when ejected, allowing a shooting speed of 100 km/h when the unit is operating at 70% power. 
Further, it was found that there was a direct correlation between impact velocity and the initial velocity of the ball. 
© 2009 Published by Elsevier Ltd. 
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1. Introduction 
Many ballgames such as soccer, volleyball, and rugby involve balls moving at high speeds when the player 
strikes the ball (Wei et al.[1] , Asai et al.[2] ). While the techniques used in striking the ball are both fundamental 
and extremely important, they also involve complex transformations and interactions over an extremely short period 
of time, the accuracy and repeatability of which are problematic. 
When conducting research and development on sporting goods such as balls and shoes, it may therefore be 
essential to develop ball ejection mechanisms with the requisite accuracy and reproducibility. Thus far mechanisms 
used for ball ejection have utilized multiple rotors, causing mild slippage between the rotor and the ball due to the 
positioning and timing of the ball ejection, making it difficult to achieve the correct ball rotation in many cases. 
Although alternative methods exist that involve inserting balls into large "gun barrels" similar to those used in 
cannons, and then ejecting them using the rapid movement of a piston, it may prove difficult to achieve an arbitrary 
ball rotation using such methods. Conversely, wind-tunnel tests often achieve good results when investigating the 
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aerodynamic characteristics of balls (Mehta [3]). Since wind-tunnel testing is fundamentally suited to steady state 
analysis, other testing equipment is often required when attempting to analyze unsteady states. Although the rotor 
and gun-barrel ball ejection mechanisms mentioned above are better than wind tunnels at creating something 
approaching unsteady state, the fact that they are not impact-ejection systems means that there is a high probability 
of the initial flight state of the ball being significantly at variance with that desired. 
This research, therefore, seeks to develop impact-based ball ejection systems that more closely replicate actual 
sports conditions, for use in the research and development of facilities and equipment such as sports balls, shoes, 
and floors, and for the clarification of sports techniques. The ball ejection mechanism developed in this research is 
of the type that actually impacts the ball, allowing investigation of transformations and interactions between the ball 
and the impact point. Moreover, it allows aerodynamic reproduction of factors such as finite deformation, rapid 
departure, and attenuation of velocity due to air resistance, making it possible to investigate ball and fluid movement 
in circumstances that closely resemble reality. 
2. Fundamental design 
In terms of the basic design specifications, the three main requirements for motion function are an initial ball 
speed of 25 m/s at approximately 70% of maximum power (for a soccer ball), impact that mimics that found in 
sports such as football, volleyball, and rugby, and the ability to use impact to effect a given amount of rotation to the 
ball. Further, the device was designed to meet the following physical requirements: fits in the bed of a two-ton lorry, 
movable by human power, can be fixed in position for ball impact, can fit into a gymnasium where it will be stored, 
and runs on a 100V (Japan standard) power supply. 
With regard to the ball hitting point, the direction of ejection of the ball was designed to be left-right adjustable 
via a dial-type slide, and adjustable ±50 mm in the vertical plane from the height at which the device is set. As a 
safety measure, infrared sensors were attached to prevent the device from activating if a person is inside the 
equipment or if a person comes within two meters of the direction of ball ejection.These dual safeguards are 
designed to prevent accidents as much as possible. The basic construction material of this ball ejection device is 
steel, giving it a weight of almost 1000 kg as shown in Fig. 1. 
3. Application of soccer ball 
Investigation of the relationship between ball speed and the air pressure of the ball shooting machine was 
conducted outdoors in almost windless conditions. The soccer balls used for these tests were FIFA-authorized 
number 5 size balls (Team-Geist; 1000 hPa.). Each test was carried out with a shoe-equipped instep kick model on 
Fig. 1. Appearance of shooting machine 
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the impact point. The speed of the impact point was measured with a head speed meter used in golf (a Bridgestone 
"Science Eye Portable”), initial speed of the ball shot was measured with a speed gun, and the relationship between 
the two variables, impact speed and ball pressure was investigated in Fig. 2 and 3. In the relationship between 
impact speed and ball speed, the initial speed of the soccer ball demonstrated a satisfactory linearity (|R|=0.993) in 
Fig. 2. Moreover, a similar linearity (|R|=0.996) was demonstrated indicated between ball speed and the air pressure 
in the ball shooting machine in Fig. 3. The machine achieved a maximum speed of 36 m/s in a soccer ball, and a ball 
speed of 25.5 m/s was obtained at an operating level of approximately 70 percent of maximum power.  
4. Application of volley ball 
To view the stability of the ball landing point, the variation in the landing point of a ball travelling with almost no 
rotation was measured with a low-profile flat impact unit to propel the volley ball. This test was carried out indoors 
to minimize the effects of natural air currents, using FIVB-authorized number 5 size volleyball (Molten MTV5SLIT; 
310 hPa.). Three types of orientation with Face A, B, and C were used and measurements were taken for ten 
instances for each orientation shown in Fig. 4. The distance from the impact-style ball shooting machine to the point 
of landing is shown in Fig. 5, as L, while the horizontal variation is shown as C. The point of landing for a volleyball 
propelled at an initial velocity of 10 m/s shows a trend towards variation that depends on the orientation of the ball 
panel as indicated in Fig. 6. Basically, the rotation of the ball is almost nil so that the ball appears to mimic flight 
characteristics of a "floater serve." Although all balls were set in the ball shooting machine in the same manner and 
ejected with the same impact speed, a longitudinal variation of 3.07 m and a horizontal variation of 2.52 m were 
apparent. Compared to the deviations measured in serves from human players, these results appear relatively reliable. 
Ejecting a ball using a horizontal frontal impact on the panel in Face A produced extreme horizontal and vertical 
variations in the landing point. On the other hand, ejection by impacts on the valve in Face C with a vertical panel 
resulted in a compact landing pattern. The ball’s slipstream caused by the separation of the boundary layer from the 
connecting area of the panel, the effect on the boundary layer developed by the valve, the small amount of initial 
rotation on the ball, eccentricities in the centre of gravity, and vibration in the ball receiver may all have influenced 
the landing point. 
5. Conclusion 
The purpose of this study is to develop an impact type ball shooting machine that more closely replicates actual 
sports phenomenon to facilitate research and development of facilities and equipment such as sports balls, shoes, 
and floors, and the clarification of sports techniques. The results are summarized as follows: 
Fig. 2. Relationship between impact speed and ball speed;               Fig. 3.  Relationship of air pressure in the actuator and ball speed 
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1)  In the case of ejecting a soccer ball, the ball shooting machine achieved the maximum ball speed of 35 m/s, and a 
speed of 25 m/s with the device set at approximately 70 percent of maximum power. 
2)  The results of investigating the landing points of volleyballs are comparatively stable, but are clearly affected by 
the ball panel; this may also be useful in research on the flight paths and landing points of balls.  
3)  The impact type ball shooting machine developed in this research is both movable and transportable. Yet, it 
would benefit from being lighter in weight. 
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Fig. 4.  Shooting direction against ball face;                                               Fig. 5. Symbols of ball landing position  
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